In contrast to extensive infiltration of plant nuclear genomes by mitochondrial and chloroplast DNA fragments, a computer assessment method could only detect seven mitochondrial DNA integration events in Succharomyces cerevisiue chromosomes and five examples of DNA migration into mammalian nuclear genes. No evidence could be detected for mitochondrial DNA insertion into chromosome III of Cuenorhubditis eleguns or in nuclear DNA sequences of Drosophila sp. or Plasmodium fulcipurum. Thus, the quantity of organellar DNA in the nucleus appears to vary amongst organisms and is lower in Succhuromyces cerevisiue than suggested by experimental plasmid systems. As in plants, migratory mitochondrial DNA fragments in yeast and mammals are found in intergenic regions and introns. Although many of these insertions are located near retroelements, mitochondrial DNA incorporation appears to be independent of retroelement insertion. Comparison of the mitochondrial DNA fragments with mitochondrial transcription maps suggest that two fragments may have transposed through DNA-based and one through RNA-based mechanisms.
Introduction
The presence in the nucleus of DNA sequences also found in organellar genomes was first detected in filter hybridization studies (Richards 1967; du Buy and Riley 1967) and was confirmed by DNA sequence comparison between nuclear and organellar genomes (van den Boogaart, Samallo, and Agsterbibe 1982; Farrelly and Butow 1983; Gellissen et al. 1983) . Stable transposition of organellar DNA over time is supported by nuclear-localized mitochondrial DNA (numtDNA) sequences that show a range in divergence from the original mitochondrial sequences . Variable lengths of organellar-derived sequences have been reported ranging from 30 bp (Fukuchi et al. 1991) to 300-600 kb of a tandemly repeated 7.9-kb segment (Lopez et al. 1994 ). The insertions have been localized to introns (Pichersky and Tanksley 1988) , flanking regions of nuclear genes (Bernatzky, Mau, and Clarke 1989) , and to telomeric regions (Louis and Haber 1991) .
Although numtDNA has led to aberrant mitochondrial restriction fragment length polymorphism (RFLP) maps due to the additional nuclear fragments (Quinn and White 1987) and to unexpected polymerase chain reaction products (Smith, Thomas, and Patton 1992) , it can be useful in inferring other genetic and evolutionary processes. For example, through sequence comparisons between mitochondrial DNA (mtDNA), edited mitochondrial RNA transcripts, and numtDNA, transfer to the nucleus was suggested to involve RNA intermediates (Nugent and Palmer 1991; Grohmann, Brennicke, and Schuster 1992; Blanchard and Schmidt 1995) . Similarly, support for DNA-based transfer comes from the assimilation of large tracts of chloroplast DNA containing intergenic regions (Ayliffe and Timmis 1992) and of nontranscribed areas of mtDNA (Lopez et al. 1994 ) into the nuclear genome. Analyses of plant nuclear integration sites before and after DNA incorporation have been used to suggest a model of illegitimate recombination similar to the uptake of "foreign DNA" through transformation (Sun and Callis 1993; Blanchard and Schmidt 1995) . However, in fungi (Farrelly and Butow 1983) , animals (Zullo et al. 1991) , and protists (Ossario, Sibley, and Boothroyd 199 l) , transfer to the nucleus has been suggested to be facilitated by transposable or viral elements because of their proximity to many numtDNA sequences.
We developed a computer assessment method that identified over 25 fragments of organellar DNA in plant nuclear genes (Blanchard and Schmidt 1995) . In this report, we have extended our analyses to include other groups of organisms for which a sufficient database has been generated and define additional features of DNA migration events. We identify examples of mtDNA transfer into introns of human nuclear genes, flanking regions of rat genes, and intervening regions of yeast and human genes. To determine whether transfer was RNA or DNA based, numtDNA fragments were compared to yeast (De Zamaroczy and Bernardi 1986) and mammalian transcript maps (Clayton 1992) . A 400-bp sequence of 12s rRNA from a number of Old and New World monkeys (van der Kuyl et al. 1995) and the sequencing of complete mitochondrial genomes from chimpanzee, gorilla, and orangutan (Horai et al. 1995) enabled the use of numtDNA sequences in a phylogenetic context. Finally, nuclear/mitochondrial chimeric sequences were detected, which appear to be artifacts of the cloning process.
Materials and Methods

Computer Resources
DNA sequence databases were accessed through the Biosciences Computational Resource at the University of Georgia. The GenBank (version 82.0) and EMBL (version 37.0) databases were queried with the algorithms in the BLASTN search program (National Center for Biotechnology, National Institutes of Health, Bethesda, MD; Altschul et al. 1990 ), FASTA (University of Wisconsin, Madison, Genetics computer Group [GCG] version 7.0; Deveraux, Haeberli, and Smithies 1984) or FastDB (IntelliGenetics, Mountain View, CA) . Percent identity between the nuclear and organellar sequences was calculated from pairwise alignments using FASTA. Sequence alignments were conducted using PILEUP (GCG) and GENALIGN (IntelliGenetics, Mountain View, CA) and when necessary were modified by hand. Phylogenetic analyses were performed using PHYLIP version 3.5 (Felsenstein 1994) and PAUP version 3.1.1 (Swofford 1993) . MacClade (Madison and Madison 1992) was used as an intermediary between computer packages and to calculate transitions and transversions among taxa.
Search Strategy
Complete mitochondrial genomic sequences from Homo sapiens (JO1415), Rattus norvegicus (X14848), Mus musculus (JO1420), Saccharomyces cerevisiae (M62622), Caenorhabditis elegans (X54252), Drosophila melanogaster (501404, 501409, M37275), and Plasmodium falciparum (M76611) were retrieved from GenBank. These files were used sequentially to query sequence libraries in GenBank using BLASTN or GCGFASTA. The mitochondrial genome of S. cerevisiae was first divided into lo-kb blocks overlapping by 100 bp. Separate searches were performed with-regions that have been extensively sequenced for systematic purposes. GCGFASTA searches were run with the gap penalty set at the default value (12) and then at the maximum value (24). All other parameters were left at the default values.
Sequences were collected that fulfilled the following selection criteria: (1) lengths greater than 40 nucleotides and (2) at least 80% identity to mtDNA when the length is between 40 and 100 nucleotides and at least 70% identity when the length is greater than 100 nucleotides. These cutoff values generally gave "Expect" probabilities, using BLASTN, smaller than lo-lo between the nuclear and mitochondrial sequences. The "Expect" value represents the probability of finding a similar sequence with this degree of identity or higher in the database due to random chance. Expressed sequence tags resulting from cDNA sequencing projects and adenine-and thymidine-rich regions were not included in the analyses because of uncertainties regarding their genomic origin.
Results
Nuclear Sequences Similar to mtDNA
A summary of yeast and mammalian nuclear sequences similar to mtDNA identified through searches of the databases is presented in tables 1 and 2. Sequences similar to mtDNA, varying in length from 42 to 3,110 nucleotides, were identified in five different yeast chromosomes and 29 mammalian nuclear genes. No instances of mtDNA migration were observed in chromosome III of C. elegans or in genomic clones of Drosophila sp., or P. falciparum. Because the characteristics of mtDNA sequences in cDNA libraries suggest that they may be derived from the cloning process, their analysis will be presented separately from the genomic numtDNA sequences.
Five mitochondrial sequences were identified in human genomic clones and six previously unidentified insertions were found in yeast chromosomal DNA (tables 1 and 2). In yeast, the detected numtDNA sequences comprise 1,098 bp of the 3,583,808 bp (0.03 1%) from these seven chromosomes.
The two mitochondrial fragments found in the telomeric region of chromosome IX are also located on telomeres of chromosomes IV and X in strain A364a and chromosomes IX and X in strain YPl but are not found in other S. cerevisiae strains (Louis and Haber 1991) . Three of the numtDNA sequences identified in yeast are composed of multiple fragments derived from disparate regions of the mitochondrial genomes, which appear to have ligated together prior to or during insertion. We also detected the numtDNA sequence reported by Farrelly and Butow (1983) downstream of a yeast Prp39 gene (accession Louis and Haber (1991) . 0 Similar to Succharomyces douglassi (M975 14).
#L29224). In humans, a 7 1-bp region similar to a segment of the mitochondrial 16s rRNA gene is located in intron 18 of two human l.%myosin heavy chain genes (table 2). The finding of mtDNA sequences in two different clones isolated by two separate research groups further supports that these sequences are derived from intracellular DNA migration events.
Incorporation of mtDNA by End-joining
The location of numtDNA fragments with respect to nuclear genes, pseudogenes, and transposable elements is illustrated in figure 1. To estimate the nuclear DNA sequence at the insertion site prior to the integration of numtDNA we relied on two different tactics. First, the same gene in another taxon was identified that lacked the numtDNA sequences. The myosin heavy chain gene in rats lacks numtDNA and the numtDNA appears to be responsible for a length polymorphism between the human and rat intron (accession #L12104-alignment not shown). Therefore the rat intron was used to approximate the site before the integration event ( fig.  2A ), although some of the differences could be due to changes in the rat or human intron after their divergence or changes in mtDNA or numtDNA sequence after the integration event. Second, in yeast two of the numtDNA sequences split one member of a multicopy gene family (or possibly pseudogene family). In these two cases, the copy of the gene most similar to the region surrounding the numtDNA insertion was used to represent the site prior to numtDNA integration ( fig. 2&C ). From these alignments shown in figure 2 some base complementarity (O-3 bp) is observed between the mitochondrial and nuclear sequences and all insertions are flanked by short regions of either direct or inverted repeats. The direct repeats are only apparent in the flanking regions of the numtDNA after the integration occurred. In addition, the insertion into S. cerevisiae YKRSl appears to have accompanied a small deletion. For most of the numtDNA sequence in tables 1 and 2 comparable sequences lacking the numtDNA could not be identified.
Because the contiguous numtDNA fragments in S. cerevisiae chromosome I are separated by 20 nucleotides from a TY element, it appears that the mtDNA integration event occurred separately from TY element insertion ( fig. 3 ). In addition, most numtDNA fragments observed in this study are not adjacent to any previously described transposable elements. The exception is the numtDNA in the telomere of S. cerevisiae chromosome IX, but in this case we cannot determine if the retroelements and numtDNA sequences were derived from single or multiple integration events.
Evidence for RNA-and DNA-based Transfer To determine whether transfer was RNA or DNA based we relied on yeast (De Zamaroczy and Bernardi 1986) and mammalian transcript maps (Clayton 1992 and (b) to human nuclear genes and an intergenie region. Black, gray, clear, and striped boxes represent, respectively, putative nuclear genes, numtDNA, transposable elements, nuclear pseudogenes. Position of the transposable elements is taken from the GenBank entries listed in tables 1 and 2. The three chromosome IX regions are 238061, Z46921, and 238060, respectively. on primate and mammalian mtDNA spanning the 12S/ 16s rRNA region ( fig. 4A ). The analysis strongly supports a transfer point prior to the divergence of the great ape clade. A tree was also constructed with a shorter 12s rRNA region from which New and Old World monkey sequences are available ( fig. 4B ). The topology of this tree is not well supported by the bootstrap analysis nor is it in concordance with current primate mitochondrial trees. The Old World monkeys branched off prior to the split up New World monkey and great ape clades and the branching order of the great ape clade is as shown in figure 4A (Ruvolo 1993; Adkins and Honeycutt 1994) . However, this analysis does provide further support for a transfer prior to the divergence of the great ape clade and possibly prior to the ape and monkey clades.
The number of inferred changes along the TCR numtDNA branch should represent nuclear changes following the integration of the mitochondrial fragment into the nuclear genome. The PAUP analysis infers 205 changes (7.9%) in figure 4A and 25 changes (6.0%) in figure 4B . As a test of the accuracy of PAUP in reconstructing nuclear changes in the TCR numtDNA the number of changes was determined at sites invariant among the taxa listed in figure 4A and B. Out of 1,242 invariant sites in the larger data set there are 71 nucleotide substitutions (5.7%) and in the smaller 12s r-RNA data set there are 13 substitutions across 218 invariant sites (6.0%). The distribution of these changes is mapped on the 12s r-RNA alignment ( fig. 4C ).
The numtDNA fragment in the TCR locus harbors a 127-bp region that is not similar to any reported mitochondrial Old World monkey or great ape D-loop sequence ( fig. 5A) . The nucleotide composition of this gap is strikingly characteristic of mtDNA. The heavy strand AT composition is 60% (compared with 60% in the preceding D-loop region) and G content is 8% (vs. 12%). To further investigate insertion/deletion processes in the D-loop region, parsimony principles were applied to reconstruct length changes ( fig. 5B ). Along all branches there is a net reduction in D-loop size, indicating that the D-loop is being progressively shortened in these primate mitochondrial lineages. Because no primate outgroup is available for evaluating mitochondrial nucleotide substitution patterns in the great ape clade in the 12S/16S t-RNA region, the TCR numtDNA sequence was employed for this purpose. From either the TCR numtDNA a greater number of substitutions have occurred in orangutans than in the A..........CA..............-.................CC..-...............T..CG.C.(i000...G.......G.TAG......OAA.C..- ..A........G....-----A...C....G... human/chimp/gorilla clade (table 3) . This difference is due to an increase in transitions with the number of transversions being remarkably similar among the four taxa. This pattern is also supported using the numtDNA sequence reported by Nomiyama et al. (1985) . Phylogenetic information from the smaller 12s r-RNA region ( fig. 4B,C) is not sufficient to confidently determine the transfer node relative to New and Old World monkeys, although this limited data set (table 3) shows a constant number of transitions among Old World monkeys (green monkey, mandrill, and baboon) and the great apes. Other numtDNA sequences are too short to place in a phylogenetic context or, in the case of S. cerevisiue, suitable sequences from closely related fungi have not been reported.
--------------------------------
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Mitochondrial
Sequences in cDNA Libraries
Twenty-six mitochondrial-derived regions are found at the ends of cDNA sequences and are nearly identical to mtDNA. For many of these cDNAs an additional cDNA sequence or genomic sequence lacking the mitochondrial fragment has been filed in GenBank (table 2) . These chimeric sequences appear to have arisen during the cloning process through ligation of the mitochondrial and nuclear transcripts through complementary base-pair interactions (data not shown). As expected none of the cDNA clones contain nontranscribed regions of mtDNA. Mitochondrial fragments in cDNA clones that have ends similar to the ends of mitochondrial transcripts are listed in table 2. Abbreviations: CT = cytosine t) thymine changes; AG = adenine t) guanine changes; V = transversions; -indicates this sequence has not been reported.
* From tRNA-Phe to the end of the insertion. t Region shown in figure 4.
Mitochondrial sequences not at the 5' or 3' ends of cDNAs also show characteristics of artifactual chimeras. Both the frizzled gene and the two protein-tyrosine phosphatase genes contain a sequence identical to commercially available ECORI linkers used in constructing cDNA libraries ( fig. 6 ). Alternative cDNA sequences lacking the mitochondrial fragments have been reported for both the stromal cell-derived protein and proteintyrosine phosphatase.
In contrast to the previously mentioned cDNAs, the mtDNA fragment found in the cDNA for the rat guanine phosphatase genes (L11587) and (L12329). Black, gray, and striped boxes represent, respectively, the nuclear gene, mtDNA, and a fragment from a different nuclear gene.
nucleotide releasing protein (GNRP) has diverged substantially from rat mtDNA ( fig. 7B ). Parsimony analysis indicates that the migration event occurred soon after the divergence of rats and mice (results not shown). Transcripts of 1.5 kb and 1.7 kb ( fig. 7A ) corresponding to the two GNRP cDNAs are observed in several different rat tissues (Burton et al. 1993 ). However, Burton et al. (1993) did not determine whether the transcripts are derived from alternative splicing or from duplicated genes.
Discussion
Frequency of Organellar DNA Transfer During our study of organellar DNA migration in plants (Blanchard and Schmidt 1995) , we recognized the possibility that cDNA sequences could be artifactual chimeras between nuclear and organellar DNA and thereby were excluded from the analysis. Chimeric cDNAs have been previously reported to be derived from the cloning process (Claverie and Makalowski Comparison of the two rat GNRP cDNAs sequenced by Burton et al. (1993) . The striped, gray, and white boxes represent, respectively, a region of nuclear DNA, numtDNA, and the nuclear GNRP gene. (b) Alignment of the numtDNA fragment in the rat GNRP with rat mtDNA. The dashes indicate gaps in the alignment. The triangle marks the first nucleotide of a shorter cDNA clone (Burton et al. 1993 ). The methionine (met) represents the putative translation start site. 1994). The quantity of chime& constructs can vary in accordance with the cDNA library and appears to be dependent on the cloning strategy (A. R. Kerlvage, personal commnication).
In addition, expressed sequence tag (EST) projects have deposited over 250 human and over 80 C. elegans mitochondrial sequences in the database (data not shown). Nearly all of these sequences were identical to mtDNA, indicating mitochondrial transcripts are present in cDNA libraries. A subset of the human cDNA sequences shown in table 2 was also recently independently identified by Wegner and Gassman (1995) , who also commented on their probable artifactual origin. In the present study, only the cDNA of the rat GNRP gene with a 5' mtDNA fragment is likely to have arisen from DNA migration because of the numerous nucleotide differences from the rat mitochondrial sequence ( fig. 7 ). In two previous reports of chimeric mitochondrial/nuclear transcripts, both in human cell lines (Koch, Hofschneider, and Koshy 1989; Shay et al. 1991) , the mitochondrial fragment is at the 5' end of the cDNA clone.
Although artifactual chimeras of mitochondrial and nuclear DNA are clearly present in GenBank, the computer-based search strategy described in this study has been successful at identifying DNA transfer events in mammals and yeast as well as those previously reported in plants (Blanchard and Schmidt 1995) . Because 4%-7% of plant genomic sequence files contain organellarderived DNA (Blanchard and Schimdt 1995) , the paucity of detectable mtDNA insertions in this report is surprising. However, a direct comparison cannot be made between the composition of humans and plant genomes because the amount of human genomic DNA in the database was not quantified. Although, one might expect there to be more human than plant genomic sequences in GenBank.
The analysis of the seven S. cerevisiae chromosomes detected only 1,098 bp of mitochondrial-derived DNA in 3,583,808 bp of nuclear DNA (0.031%). However, the actual amount could be slightly higher because sequences similar to AT repeats in the mitochondrial IG/ spacer regions were not described as numtDNA sequences. Thorsness and Fox (1990) measured, via transfection of S. cerevisiue mitochondria with a plasmid containing a selectable uridA marker, that the plasmid escaped from the mitochondrion and integrated into the nuclear genome at a rate of one transfer event per lo5 generations.
Because mitochondrial integration events would in most cases be expected to be neutral or deleterious, the observed discrepancy may reflect differences in the fixation of a neutral or deleterious mtDNA fragment versus selection for an advantageous plasmid integration event. At the present time there are insufficient sequence data to make quantitative comparisons between taxa of the amount of DNA of mitochondrial origin in the nucleus. Because no evidence could be detected for mtDNA insertions into chromosome III of C. elegans or in nuclear DNA sequences of Drosophila sp. or P. falciparum, there appears to be more detectable organellar-derived sequences in the plant sequence database than in other groups. A difference in the quantity of organellar DNA in the nucleus between taxa has been previously suggested based on Southern blot data (Gellissen and Michaelis 1987).
Mechanisms of DNA Migration
From this broad survey of DNA migration events, we have identified a few cases from which we can make inferences about the transfer process. DNA-based transfer is supported by the movement of one nontranscribed region in yeast and one in humans. However, a mitochondrial-derived segment in the human microsatellite sequence offers support for RNA-based transfer. Previously, RNA-based transfer has been reported only in plants (Nugent and Palmer 199 1; Grohmann, Brennicke, and Schuster 1992; Blanchard and Schmidt 1995) . Lopez et al. (1994) suggest that mtDNA may form extrachromosomal episomes that can be tandemly amplified subsequent to their integration into the nuclear genome. Although their data are solid support for the occasional involvement of episomes in the transfer process, the numtDNA sequences in the yeast and human databases do not show signs of circularization prior to their integration.
The mtDNA integration process appears to be independent of retroelement insertion (figs. 1, 2, and 3) in contrast to previous suggestions based on the proximity of retroelements to numtDNA sequences (Farrelly and Butow 1983; Ossario, Sibley, and Boothroyd 1991; Zullo et al. 1991) . The common observation of organellar fragments near retroelements is to be expected based on the near ubiquitous presence of retroelements in noncoding regions. The characteristics surrounding the insertion junctions ( fig. 2 ) are similar to those described for end-joining processes that require limited or no sequence homology between the foreign DNA and chromosomal DNA but often involve free single-stranded ends (Roth and Wilson 1988) . In figure 2A and B the 4-5-bp direct repeats are only apparent in the flanking regions of the numtDNA after the integration occurred, suggesting a step involving single-stranded ends. Mitochondrial DNA then could have been ligated to the chromosomal ends using limited base complementarity (O-3 bp). Roth and Wilson (1988) suggest that free chromosomal ends are generated from errors in DNA metabolism and at these sites segments of foreign DNA can integrate regardless of their terminal sequences. During this process, end-joining of multiple DNA fragments can occur, as may have happened with the (1) three regions containing multiple mitochondrial fragments in yeast (fig. 1); (2) the multiple fragments reported by Farrelly and Butow (1983); and (3) in the three noncontiguous mitochondrial segments found in human DNA (Kamimura et al. 1989) . This process has also been observed in plants (Sun and Callis 1993; Blanchard and Schmidt 1995) and suggests that organellar DNA may integrate into the nuclei of plants, yeast, and mammals by similar end-joining mechanisms.
Patterns of Nucleotide Substitution Inferred from the Human TCR Locus
Nuclear changes in the TCR numtDNA sequence were inferred from parsimony analysis using PAUP (Swofford 1993) and by calculating the percent change at nucleotides invariant among the taxa in figure 4A and B. These two estimates are identical in the shorter 12s rRNA region (6.0%), but a small difference was observed over the entire 12S/16S region (7.9% vs. 5.7%). Over the larger region no monkey sequences were available to include in the analysis. This may have resulted in a less accurate reconstruction of the TCR numtDNA branch point using PAUP thereby increasing the length of the TCR branch and decreasing the mitochondrial branch to the great ape node.
The numtDNA fragment in the TCR locus harbors a 127-bp region that is not similar to any reported mitochondrial or nuclear sequence ( fig. 5A) . Enlarged mitochondrial D-loops have often been associated with the tandem duplication of mtDNA (Hayasaka, Ishida, and Horai 1991) , but this 127-bp TCR numtDNA segment is not similar to any other region of mtDNA. A mitochondrial origin rather than a subsequent nuclear insertion is inferred for this sequence based on a nucleotide composition characteristic of mtDNA. The parsimony analysis also supports the possibility that this sequence may have been in an ancestor of great ape and monkey clades ( fig. 4B ). Apparently a reduction in D-loop size is a general trend in primate mtDNA evolution, at least within both Old World monkeys and great apes ( fig. 5B ). This trend is in agreement with studies using fungi and on human mitochondrial diseases that report a replicative advantage to a smaller mitochondrial haplotype (Wallace 1994) . However, it is also possible that deletions are generated more frequently than insertions in the D-loop region and the observed trend is reflective of a more neutral fixation process.
An interesting perspective on the nucleotide substitution patterns is also provided by polarizing relative distances within the great ape clade using numtDNA (table 3) . The data support an analysis by Hasegawa et al. (1990) that suggests variation in transition rates among primates but a constant rate of transversions. However, by comparing a 4.8-kb region of mtDNA from chimpanzee, human, gorilla, orangutan, and siamang, Horai et al. (1992) suggested an increase has occurred in both transition and transversion rates in the orangutan lineage relative to the human/chimp/gorilla clade. Comparison of complete mitochondrial genomes from great apes shows that transition and transversion rates vary between rRNA, tRNA, and protein-coding genes as well as among sites within genes (Horai et al. 1995) . Therefore, other areas of the mitochondrial genome need to be more thoroughly investigated to determine whether the relative number of transition substitutions viewed by the TCR numtDNA is a local phenomenon restricted to the 12M6S rRNA region.
Conclusions
The results of this study complete a survey of eukaryotic groups for migratory organellar DNA sequences that began with analysis of the plant genomic DNA database. This computer-based strategy offers advantages over a clone-based strategy in that: searches can be rapidly done across taxonomic boundaries; short moderately divergent regions are detected that would be difficult to discern from random noise signals on Southern blots; the sequence files often contain the complete insert; and insertions are more likely to be found in relatively better studied gene families, thus facilitating a comparative analysis. The data compiled represent a threefold increase in the number of transfer events that have been identified and characterized at the DNA sequence level. From this large data set a number of interesting mechanistic and evolutionary processes are inferred. All transferred sequences were found in noncoding regions and because most numtDNA are gene fragments they are unlikely to be intermediates in a gene transfer process. The quantity of organellar DNA in the nucleus appears to vary considerably amongst organisms and is much lower in S. cerevisiae than suggested by experimental plasmid systems. Tandemly arranged fragments from disparate regions of the mitochondrial genome indicate that fragments join together from an intracellular pool of RNA and/or DNA before they integrate into the nuclear genome. Comparisons of integrated sequences to genes lacking the insertions, as well as the occurrence of coligated fragments, support a model of random integration by end-joining common to plants, animals, and fungi. Finally, in addition to illuminating intracellular DNA transfer processes, the nuclear-localized mitochondrial sequences provide a unique time-line for reconstructing mitochondrial genomic evolution as evidenced by support for a concomitant reduction of D-loop size within primates.
